We report the discovery of a new class of oxides -poly-cation oxides (PCOs) -that consists of multiple cations and can thermochemically split water in a two-step cycle to produce hydrogen (H 2 ) and oxygen (O 2 ). Specifically, we demonstrate H 2 yields of 10.1 ± 0.5 mL-H 2 /g and 1.4 ± 0.5 mL-H 2 /g from (FeMgCoNi)O x (x ≈ 1.2) with thermal reduction temperatures 1300°C and 1100°C, respectively, and also with background H 2 during water splitting step. Remarkably, these capacities are mostly higher than those from measurements and thermodynamic analysis of state-of-the-art materials such as (substituted) ceria and spinel ferrites. Such high-performance two-step cycles within 1100°C are practically relevant for today's chemical infrastructure at large scales, which relies almost exclusively on thermochemical transformations in this temperature regime. It is likely that PCOs with complex cation compositions will offer new opportunities for both fundamental investigations in redox thermochemistry as well as scalable H 2 production using infrastructure-compatible chemical systems.
The ability to split water to produce hydrogen (H 2 ) is vitally important in energy science 1 with broad applications to store intermittent solar and wind electricity, as a transportation fuel, as a reducing agent to convert carbon dioxide into organics including fuels 2, 3 , and to decarbonize the existing petrochemical and fertilizer industries 4 . Today's chemical infrastructure at large scales relies almost exclusively on thermochemical transformations at temperatures ≤ 1100°C 4, 5 , which has led to a search for materials and mechanisms for thermochemical water splitting (TWS) below this temperature. Although multi-step thermochemical cycles 5, 6 and hybrid cycles 7, 8 have made progress in lowering reaction temperatures, their system complexity present challenges for scale up. In that respect, twostep TWS, as shown in Figure 1 , has received substantial attention due to its relative simplicity [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In two-step TWS, a metal oxide (MO x ) undergoes a redox cycle, first releasing The state-of-the-art materials such as (substituted) ceria and spinel ferrites (specifically for MFe 2 O 4 in this paper, where M is Mg, Ni, Co, Fe, etc., or their combinations) require T H ∼1300 to 1500°C
9,11-14, [23] [24] [25] [26] [27] [28] , and they do not produce meaningful amounts of O 2 with T H ≤ 1100°C 19, 29 . Many of the perovskites that have been studied can be easily reduced at moderate T H , but require large amounts of excess steam to produce H 2 during the watersplitting step [15] [16] [17] [18] 22 ; some perovskites 17, 30 with good steam-to-H 2 conversion require high T H similar to ceria and spinel ferrites.
The key requirements and challenges for two-step TWS are threefold: large O 2 release at low T H ≤ 1100°C; high steam-to-H 2 conversion at T L ; and the long-term cyclability of both the reactor and the redox material. A high steam-to-H 2 conversion, in particular, is necessary for good cycle efficiency 18, 24, 27, [31] [32] [33] . The PCOs and spinel ferrites were synthesized using sol-gel (SG) and solid-state (SS)
techniques. SG synthesis allowed us to produce particles with a small grain size of ~0.5 µm ( Figure S1a) ; slight sintering was observed after two cycles at T H = 1300°C ( Figure S1d) .
SS synthesis requires a 4-hour calcination step at 1350°C and produces particles with >~10
µm diameter ( Figure S1f ) agglomerated into millimeter-sized pieces. The two-step TWS experiments were performed using a thermogravimetric analyzer (TGA) connected to a gas Figure S2 . Because the reaction rate in the TGA can be limited by the temperature ramp rate and the gas flow rate and dynamics, a stagnation flow reactor with a mass spectrometer ( Figure S4a ) was used to measure kinetics.
Synthesis and experimental methods are detailed in Electronic Supplementary Information (ESI).
First, we employed TGA-GC to characterize the H 2 productivity of (FeMgCoNi)O x at different combinations of T H and T L , and compared the performance to the well-studied Assuming full redox conversion between Fe 2+ and Fe
3+
, the H 2 production capacity of Febased oxides would correspond to 0.5 mol of H 2 per 1 mol of Fe. We call such capacity the "redox limit". Nickel ferrite (NiFe 2 O 4 ), for example, has a redox limit of 95.6 mL-H 2 /g, an order of magnitude higher than the experimental yields. The redox limit of (FeMgCoNi)O x (x ≈ 1.2) is estimated to be 40.7 mL-H 2 /g. The x value was determined assuming Fe is +3, Co is a mixture of +2 and +3 (the same as in Co 3 O 4 ), and Mg and Ni are +2, according to the X-ray absorption near-edge structure (XANES) discussed later.
As shown in Figure 2a , at T H = 1300°C and T L = 800°C and H 2 :H 2 O = 1:1045, the PCO (FeMgCoNi)O x yields 10.1 ± 0.5 mL-H 2 /g, which is 24.8% ("normalized yield") of its redox The measured H 2 yields using (FeMgCoNi)O x exceed the thermodynamic limits of the spinel ferrites under T H = 1300°C and T L = 800°C. These comparisons based on redox and thermodynamic limits suggest that the reactivity of Fe for TWS is significantly enhanced in the PCO compared to the well-studied spinel ferrites (Fe is the only redox active element in the PCO as the following XANES study shows).
We have also used TGA-GC to explore the dependence of H 2 production on the background H 2 :H 2 O ratio during the WS step. Both TR and WS steps were performed for 5 hours to allow the material to approach the thermodynamic equilibrium with purge gas. Figure 2c shows the For a thorough cyclability investigation for practical applications at least hundreds of cycles are required, which will be the topic of a later study. All of the H 2 yield data in Figure 3 were taken from the second cycle to eliminate possible randomness in the first one, if not otherwise specified.
Short TWS cycles using PCO were also carried out in the stagnation flow reactor to assess material kinetics (Figures 3d, S4 and S5) . The H 2 yield from the SS-synthesized (FeMgCoNi)O x is about 5 mL/g on average, higher than that (~ 3mL/g) from the TGA-GC measurements on the SG-synthesized sample. Considering that the SG-synthesized sample is generally expected to possess better kinetics due to its small particle size and large surface area, this result indicates that good gas transport in stagnation flow reactor largely improves reaction kinetics. The O 2 release at T H = 1300°C is significantly faster than the H 2 production at T L = 800°C and H 2 :H 2 O = 1:1000. The peak rates of 0.7 mL-O 2 /min/g and 0.6 mL-H 2 /min/g for (FeMgCoNi)O x are promising, considering that the SS-synthesized sample consists of ~10 µm particles. The relatively slow water oxidation kinetics is the rate-limiting reaction in the cycle, which deserves further study. The potential elevation of the H 2 signal background due to water fragmentation in the mass spectrometer was accounted for in quantifying the H 2 production from water splitting.
In order to elucidate the redox reaction mechanism of (FeMgCoNi)O x during two-step TWS, quenching experiments were performed as described in ESI, assuming sample structure and properties are maintained when quenched at the end of TR or WS reaction. Such an assumption would be relaxed by in situ experiments. The X-ray diffraction (XRD) results in correlated with oxygen exchange, the exact redox mechanism cannot be determined from XRD alone and deserves further study.
We employed XANES to determine which transition metal(s) in the PCO (FeMgCoNi)O x undergoes an oxidation state change during two-step TWS (it was assumed that Mg does not change its oxidation state). Figure 4c shows the XANES spectra of the Fe-edge in (FeMgCoNi)O x . We compared the energy at the half of the maximum intensity in each of the normalized absorption spectra. The experiments showed that Fe has an edge shift of about 0.6 eV between the WS and TR steps (compares to 4.3 eV between Fe 2+ and Fe 3+ ), which
indicates an oxidation state change of 0.14. XANES plots of Co and Ni are in Figure S7 .
Interestingly, as Figure 4d shows, Co and Ni are essentially redox inactive compared to Fe, suggesting that Fe is the only redox-active element in (FeMgCoNi)O x .
In conclusion, we report a new class of material, poly-cation oxide (PCO), which can thermochemically split water to produce H 2 with remarkably high yields within 1100°C.
Particularly, the water splitting performance of PCO ( , the increasing availability of lowcost carbon-free electricity 4, [57] [58] [59] [60] suggests that localized electrical heating could be used for TWS as well, thus opening more options for system architectures using PCOs as the water splitting materials in various configurations. 
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The authors declare no competing financial interests. Figures Fig. 1 . Schematic of two-step thermochemical water splitting (TWS) using poly-cation oxide (PCO). In a typical two-step TWS, a metal oxide (MO x ) becomes thermally-reduced at a higher temperature, T H , and releases O 2 to produce MO z (z < x). The reduced oxide is cooled to a lower temperature, T L , where it is oxidized by water to produce H 2 as it returns to MO x . In PCOs, a reversible phase swing between rocksalt (reduced) and spinel (oxidized) phases occurs during thermochemical cycling. The rocksalt-to-spinel ratio becomes larger at T H compared to that at T L . All the samples went through "short cycles" with 30 min TR at T H and 1 hr WS at T L ; the H 2 yields data were taken from the 2nd (short) cycle if not otherwise specified. Except for (d), all results were obtained using TGA-GC. 
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